Organohalide chemistry underpins many industrial and agricultural processes, and a large proportion of environmental pollutants are organohalides 1 . Nevertheless, organohalide chemistry is not exclusively of anthropogenic origin, with natural abiotic and biological processes contributing to the global halide cycle 2,3 . Reductive dehalogenases are responsible for biological dehalogenation in organohalide respiring bacteria 4,5 , with substrates including polychlorinated biphenyls or dioxins 6,7 . Reductive dehalogenases form a distinct subfamily of cobalamin (B12)-dependent enzymes that are usually membrane associated and oxygen sensitive, hindering detailed studies 8-12 .
Organohalide chemistry underpins many industrial and agricultural processes, and a large proportion of environmental pollutants are organohalides 1 . Nevertheless, organohalide chemistry is not exclusively of anthropogenic origin, with natural abiotic and biological processes contributing to the global halide cycle 2, 3 . Reductive dehalogenases are responsible for biological dehalogenation in organohalide respiring bacteria 4, 5 , with substrates including polychlorinated biphenyls or dioxins 6, 7 . Reductive dehalogenases form a distinct subfamily of cobalamin (B12)-dependent enzymes that are usually membrane associated and oxygen sensitive, hindering detailed studies [8] [9] [10] [11] [12] .
Here we report the characterization of a soluble, oxygen-tolerant reductive dehalogenase and, by combining structure determination with EPR (electron paramagnetic resonance) spectroscopy and simulation, show that a direct interaction between the cobalamin cobalt and the substrate halogen underpins catalysis. In contrast to the carboncobalt bond chemistry catalysed by the other cobalamin-dependent subfamilies 13 , we propose that reductive dehalogenases achieve reduction of the organohalide substrate via halogen-cobalt bond formation. This presents a new model in both organohalide and cobalamin (bio)chemistry that will guide future exploitation of these enzymes in bioremediation or biocatalysis.
Cobalamin consists of a cobalt ion coordinated by a tetrapyrrolederived macrocycle and readily forms a weak organometallic C-Co(III) bond 14 . This bond can be homolytically or heterolytically cleaved and the B12-dependent enzymes can be classified according to the type of reaction catalysed 13 : (1) the 59-deoxyadenosyl cobalamin (AdoCbl) dependent isomerases that use AdoCbl as a reusable radical via homolytic cleavage of the Co-C bond; (2) the methylcobalamin-dependent methyltransferases that catalyse a heterolytic C-Co(III) cleavage, cycling between cob(I)alamin and methylcob(III)alamin redox states; (3) the reductive dehalogenases. Little is known about the role, if any, of C-Co chemistry in biological reductive dehalogenation.
After the screening of a range of reductive dehalogenase genes (rdhA) for soluble heterologous expression (including recently uncovered catabolic rdhA family members 15 ), active protein could be obtained when expressing a reductive dehalogenase homologue from Nitratireductor pacificus pht-3B (NprdhA) in Bacillus megaterium. Heterologous expression in Escherichia coli did yield soluble NpRdhA, but the enzyme lacked cobalamin. In contrast to most rdhA homologues, NprdhA lacks both the twin-arginine signal and the associated transmembrane rdhB gene, suggesting that it is a soluble cytoplasmic enzyme (Fig. 1a ). NprdhA is closely related in sequence to catabolic reductive dehalogenases 15 , and more distantly to the respiratory chlorophenol reductases (Extended Data Fig. 1 ).
NpRdhA could be purified under aerobic conditions without detrimental effect on cofactor content or activity, and the UV-visible spectrum of purified NpRdhA is similar to that previously reported for respiratory RdhA proteins [8] [9] [10] [11] [12] , with a distinct feature at 390 nm for the reduced sample that probably corresponds to the cob(I)alamin species ( Fig. 1b ). EPR spectroscopy of aerobically purified NpRdhA in frozen solution reveals a five-coordinate 'base off' cob(II)alamin cofactor, while reduction of the sample leads to a 23[4Fe-4S] 11 signal (Extended Data Fig. 2 ). This is similar to the membrane-associated RdhA enzymes. Spin quantification leads to 0.82 Co(II) and 1.84 reduced 4Fe-4S clusters per NpRdhA, in agreement with Co(I) estimation ( Fig. 1b) and Fe *These authors contributed equally to this work. 1 quantification using bathophenanthroline. The enzyme catalyses the reduction of ortho-halogenated phenolic compounds using either reduced methyl viologen or NADPH (via spinach ferredoxin and ferredoxin:NADP 1 oxidoreductase) as electron donors (Fig. 1c ). The latter reaction can be performed under aerobic conditions ( Fig. 1d ). NpRdhA displays a strict requirement for o-halogenated phenolic substrates, with a clear preference for those containing a 2,6-dihalogenated phenolic moiety. Highest activity was observed with 3,5-dibromo-4-hydroxybenzoic acid-a breakdown product of the herbicide bromoxynil ( Fig. 1e ).
To provide mechanistic insights and a structural basis for the observed substrate specificity, we determined the 2.3 Å crystal structure of NpRdhA (Extended Data Table 1 ). The structure reveals a compact globular fold with a central core domain responsible for cofactor binding (residues 244-606) that corresponds in size to the respiratory RdhA enzymes ( Fig. 2a ). The cobalamin cofactor is bound in the base-off form by a flavin-reductase-like domain (residues 244-505), reminiscent of the human vitamin-B12-processing enzyme CblC, the closest structural homologue available 16 (Extended Data Fig. 3a ). The amino-terminal domain (residues 1-243) represents a duplication and divergence of the cobalamin-binding domain.
The cobalamin ligand is located at the extensive interface between the flavin-reductase domain and the carboxy-terminal 23[4Fe-4S] binding region, and is bound by 11 direct hydrogen bonds between the corrin ring and the protein (Fig. 2b) . The base-off conformation of 5,6dimethylbenzimidazole is stabilized by four direct hydrogen bonds (in addition to a network of water-mediated polar interactions), an ionic interaction between the cobalamin phosphate and Lys 542, and the stacking of the 5,6-dimethylbenzimidazole moiety in between Pro 461 and Tyr 538. The Cb of Asp 476 is located directly below the Co ion (,5.5 Å ), hindering binding of any solvent-derived ligands. In contrast, the opposite side of the corrin ring is located at the bottom of a letter-boxshaped cavity providing direct access to solvent (Fig. 2c ).
The C-terminal region (506-694) consists of a series of a-helices and extended loop regions that wrap around the functional cobalaminbinding domain. The 505-606 stretch contains the bacterial 23[4Fe-4S] ferredoxin-like motif and binds both [4Fe-4S] clusters, which are held approximately 9.8 Å apart (closest Fe-Fe distance) and are both located near the surface of the protein ( Fig. 2a, d ). The first [4Fe-4S] cluster is linked by the first three cysteines of a typical bacterial CXXCXXCX XXCP ferredoxin motif and located approximately 12.4 Å from the cobalamin (nearest S-corrin ring distance). The second [4Fe-4S] cluster is located in direct van der Waals contact with the edge of B pyrrole from the corrin ring ( Fig. 2d ). In the latter case, the corresponding [4Fe-4S] binding motif contains a variable insertion between the first (Cys 548) and second cysteine (Cys 561) in the majority of reductive dehalogenases. Despite the fact that all cysteine ligands are conserved, this cluster is replaced in some reductive dehalogenases by a [3Fe-4S] cluster [8] [9] [10] [11] [12] . Of note, Cys 548 is in direct van der Waals contact with the cobalamin (Extended Data Fig. 3b ); with few exceptions 17 Fe-S clusters are rarely in direct contact with porphyrin cofactors. This is suggestive of a link between FeS cluster maturation and cobalamin incorporation in reductive dehalogenases.
The reductive dehalogenase active site can clearly be identified as the solvent-exposed cavity above the cobalamin plane ( Fig. 2b, c ). While we have been unable to determine the structure of a substrate-enzyme complex, docking of the relatively rigid 3,5-dibromo-4-hydroxybenzoic acid substrate leads to a plausible model whereby one of the substrate bromide atoms is located directly above the Co ion ( Fig. 2e ), in close contact with the side chains of Tyr 426, Lys 488 and Arg 552. The substrate aromatic plane is orientated near perpendicular to the corrin ring, with the second bromide atom located in a hydrophobic cavity. The substrate hydroxyl group is in hydrogen-bonding contact with Ser 422, Lys 488 and Arg 552, suggesting that it is bound in the deprotonated state. Close inspection of the electron density corresponding to a fifth ligand to the Co ion reveals that it is best modelled by a chloride ion ( Fig. 2b and Extended Data Fig. 3c ). Furthermore, low-resolution NpRdhA structures of iodide-containing crystals display difference densities at locations that correspond to those of the bromide atoms in the modelled substrate-enzyme complex (Extended Data Fig. 3d ).
EPR spectroscopic studies confirm the presence of a halogencobalamin interaction predicted by the substrate-enzyme model. Spectra of the type observed in Fig. 3a have been reported for various AdoCbldependent proteins 18 and for cobinamides 19 in solution, and typically arise from cob(II)alamin with water as the fifth axial ligand. Addition of NaCl to NpRdhA gave rise to the spectrum in (where A is a component of the anisotropic hyperfine coupling constant). The inclusion of KBr in place of NaCl gave the spectrum in Fig. 3c . Bromide interacting with the cob(II)alamin should give rise to two overlapped quartets with larger hyperfine splitting than is observed for Cl. However, the spectrum 
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we observe displays a complex mixture of Co and Br (super)hyperfine couplings (A Co \ and A Br \ ) around g \ and an unusually low g E (where g is a component of the anisotropic g tensor) with no detectable Br coupling. The same phenomenon has been reported for the iodo-cob(II)inamide complex in methanol 18 and is a clear indication of a Br-cob(II)alamin interaction. Addition of the substrate 3,5-dibromo-4-hydroxybenzoic acid produces the spectrum in Fig. 3d , with overlapping contributions from Co and Br (super)hyperfine coupling around g H (A Co \ and A Br \ ) and also a complex, overlapped pattern of Br superhyperfine coupling in the parallel features (A Br E ) that indicates unprecedented interaction of the unpaired electron on cob(II)alamin with a Br atom of the substrate. Addition of weaker binding substrates such as 3,5-dichloro-4hydroxybenzoic acid gave rise to multiple species reflecting mobility within the active site (Extended Data Fig. 4 ).
To probe the effects of halogen-cobalt coordination further, we carried out density functional theory (DFT) calculations on an active site model (Extended Data Fig. 5 and Supplementary Table 1 ). These calculations suggest that substrate binding is likely to be stabilized by weak Co(II)-Br ligation and through hydrogen bonding of Lys 488 and Arg 552 to the substrate hydroxyl group. While the cobalamin-Br ligation is expected to be lost upon reduction to the Co(I) state, this is accompanied by an elongation of the substrate C-Br bond and a contraction of the Co-Br distance from 2.84 Å to 2.72 Å (Extended Data Table 2 ).
Previous suggestions for the mechanism of reductive dehalogenase catalysis can be roughly divided into those invoking a transient organocobalt adduct and those favouring a radical mechanism 13 . The NpRdhA structure is incompatible with formation of an organocobalt adduct (Extended Data Fig. 3e ). The proposed radical mechanisms place fewer restraints on the relative position of Co and substrate, and therefore appear compatible with our structural data, although no direct evidence for a substrate radical has been obtained for RdhA enzymes. However, our structural and spectroscopic data suggest an alternative route, whereby the cobalamin is directly involved in halogen abstraction through formation of a halogen-cobalt bond.
Formation of a halogen-cob(II)alamin bond (as detected by EPR) drives catalysis, with the substrate bromide atom replacing the fifth ligand before reductive dehalogenation. In this configuration, the conserved Tyr 426/Lys 488 dyad is ideally placed to act as a hydrogen donor to the halogenated carbon ( Fig. 4 ). We propose that the carbon-halogen bond could break either heterolytically, with transient formation of a halogen-Cob(III)alamin following nucleophilic attack by Co(I), or homolytically, following formation of an aryl radical through electron transfer from either the Co(I) or the adjacent [4Fe-4S] cluster. We show that mutation of Y426F or K488Q does not appear to affect corrinoid or [4Fe-4S] binding but abolishes enzyme activity, implicating both residues in the RdhA catalytic mechanism (Extended Data Fig. 6 ). While the R552L NpRdhA variant also lacks activity, this variant has markedly altered properties.
Our proposed NpRdhA mechanism is fundamentally different from other B12-containing enzymes 13, 14 and from the hydrolytic dehalogenases, which use a direct S N 2-type attack on the substrate carbon 20 . In contrast, we propose that the reductive dehalogenase uses the cobalamin cofactor to attack the substrate halogen atom itself, leading to Chalogen bond breakage concomitant with protonation of the leaving group. Distinct variations on this theme could occur within the RdhA family to account for the varied substrate specificity (aliphatic versus aromatic organohalides) as well as the dihalo-elimination catalysed by halogen superhyperfine coupling (where present) is also indicated. For spectra c and d that exhibit overlapped A Co \ and A Br \ only A Co E is indicated. For spectrum parameters, see Extended Data Table 3 . Asterisk indicates a superposition of a [3Fe-4S] 1 spectrum, the spectrum of a cob(III)alamin-superoxide species and an unassigned organic radical signal which together comprise less than 5% of the cob(II)alamin spectrum (see Extended Data Fig. 4 ). LETTER RESEARCH some enzymes 21 (Extended Data Fig. 7) . The formation of a cobalaminhalide complex via oxidative addition to the Co ion is a new paradigm in both organohalide and cobalamin biochemistry and suggests that the B12 biochemical repertoire is probably more varied than previously anticipated. In fact, recent studies hint at a distant enzyme relative being involved in tRNA modification 22 . Our findings should serve to guide future exploitation of the reductive dehalogenases.
Note added in proof: The crystal structure of a respiratory reductive dehalogenase, PceA from Sulfurospirillum multivorans, shows remarkable similarities to NpRdhA. A iodide-cob(II)alamin complex was also observed, while ligand-enzyme complexes revealed several conformations for the substrate or product within the active site (ref. 23 ).
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
Supplementary Information is available in the online version of the paper. 

METHODS
Cloning of N. pacificus NprdhA for B. megaterium heterologous expression.
A BLASTp search of the Nitratireductor pacificus pht-3B genome 24 using the protein sequence of Comamonas sp. 7D-2 BhbA (YP_007878394) revealed three putative reductive dehalogenase homologues sharing 72% (WP_008593084.1), 51% (WP_008595008.1) and 42% (WP_008597722.1) identity with BhbA. The N. pacificus WP_008597722.1 gene (NprdhA) was shorter than the other homologues, lacking the putative C-terminal reductase domain. The NprdhA gene was codon optimized to remove codons that were rare in both E. coli and B. megaterium and synthesized (Genscript). N. pacificus NprdhA was PCR amplified using primers NPRdhA3pPT7F and NPRdhA3pPT7R (the latter containing the sequence encoding for a C-terminal His tag) using Phusion polymerase (NEB). The PCR product was cloned into the BsrGI and BamHI sites of pP T7 plasmid 25 using Infusion HD (Clontech) and transformed into E. coli NEB5a. Once the sequence of the insert was confirmed the purified plasmid was transformed into B. megaterium MS941 containing the pT7-RNAP plasmid that permits xylose-inducible expression of T7 polymerase 24 , using the modified minimal medium protoplast transformation protocol 26 . Mutagenesis. Mutagenesis primers were designed using the QuikChange Primer Design Program (http://www.genomics.agilent.com/primerDesignProgram.jsp). PCR was performed using Phusion polymerase (NEB). Template was removed by DpnI (NEB) digest and the PCR product transformed into E. coli NEB5a. Once the presence of the desired mutation was confirmed by DNA sequencing, the plasmid was transformed into B. megaterium as above.
Heterologous expression of NprdhA wild-type and mutants in B. megaterium. B. megaterium transformants were grown in 1 l LB supplemented with 10 mg ml 21 tetracycline and 4.5 mg ml 21 chloramphenicol at 37 uC, 180 r.p.m. until the culture reached an OD 578 of ,0.4. Cultures were supplemented with 50 mM ammonium iron(II) sulphate, 1 mM B12 and induced with 0.1% xylose. Cultures were grown overnight at 17 uC, 180 r.p.m. and then harvested by centrifugation (4 uC, 7,000g for 10 min). Purification of NpRdhA wild-type and variant enzymes. Cell pellets were resuspended in buffer A (200 mM NaCl, 50 mM Tris pH 7.5) supplemented with DNase, RNase, lysozyme (Sigma) and a Complete EDTA-free protease inhibitor cocktail (Roche). Cells were lysed using a French press at 1,500 psi and the lysate clarified by centrifugation at 125,000g for 90 min. The supernatant was applied to a Ni-NTA agarose column (Qiagen). The column washed successively with three column volumes of buffer A supplemented with 10 mM and 40 mM imidazole and protein eluted in 1 ml fractions with buffer A supplemented with 250 mM imidazole. Samples were subjected to SDS-PAGE analysis and fractions found to contain the purified protein were pooled. Imidazole was removed using a 10-DG desalting column (Bio-Rad) equilibrated with buffer A. Protein was concentrated as required using a Vivaspin centrifugal device (Sartorius). UV-visible spectroscopy/protein quantification. UV-visible absorbance spectra were recorded with a Cary UV-Vis spectrophotometer. To obtain the reduced NpRdhA spectrum, 79 mM enzyme was incubated anaerobically with 25 mM 5-deazariboflavin and 2 mM EDTA under a blue LED lamp for 1 h. Protein concentration was estimated using e 280 5 77,810 M 21 cm 21 (calculated from the primary amino acid sequence using the ProtParam program on the ExPASy proteomics server). Metal estimations. The iron content of RdhA was confirmed colourimetrically with bathophenanthroline after acid denaturation. Protein was mixed with an equal volume of 2 M HCl and heated at 80 uC for 10 min before the removal of the precipitate by centrifugation. A suitable volume of the supernatant was taken for analysis and made up to a final volume of 0.75 ml with water. Samples were mixed after addition of 0.2 ml saturated ammonium acetate. Sodium metabisulphite (0.1 M, 0.05 ml) and bathophenanthroline (0.1 M, 0.01 ml) were added and samples incubated at room temperature for 10 min before reading the absorbance at 535 nm. Concentrations were determined from an iron standard curve measured over the range 0-50 nmol. Methyl viologen spectrophotometric activity assay. Purified NpRdhA was buffer exchanged into 50 mM Tris, pH 7.5, 200 mM NaCl under anaerobic conditions in a glove box (Belle Technology, UK). A 30 mM methyl viologen solution reduced by titration with sodium dithionite was prepared for the assay. The substrate-dependent oxidation of dithionite-reduced methyl viologen was measured at 578 nm (e 5 978 mM 21 cm 21 ). Screening of different organohalide compounds was performed by adding 100 mM of the substrate to the reaction mixture containing 2 mM enzyme in 50 mM Tris, pH 7.5, 200 mM NaCl and 300 mM dithionite-reduced methyl viologen. Oxidation of methyl viologen was measured for a period of 10 min and fit to a linear rate where appropriate. Full steady-state characterization was done for 3,5dibromo-4-hydroxybenzoic acid or 3,5-dichloro-4-hydroxybenzoic acid respectively, and a plot of the observed rate constant versus substrate concentration was fitted to a Michaelis-Menten steady-state model. NpRdhA spinach ferredoxin and ferredoxin:NADP 1 oxidoreductase assay. Reactions using spinach ferredoxin and ferredoxin:NADP 1 oxidoreductase were carried out either in an anaerobic glove box (Belle Technology, UK) or under aerobic conditions. For anaerobic assays purified NpRdhA was buffer exchanged into 50 mM Tris, pH 7.5, 200 mM NaCl under strict anaerobic conditions. Reactions contained 100 nM NpRdhA, 200 mM NADPH, spinach ferredoxin and ferredoxin:NADP 1 oxidoreductase in an enzyme ratio of 1:10:2 (NpRdhA:ferredoxin:ferredoxin NADP 1 oxidoreductase). All assays were initiated by the addition of 2 mM 3,5-dibromo-4hydroxybenzoic acid. After incubation for 1 h, reactions were stopped by rapid freezing in liquid nitrogen and analysed by HPLC. HPLC assays. Sample analysis was performed using an Agilent 1100 Series HPLC equipped with a UV detector. The stationary phase was a Kinetex 5m C18 100A column, 250 3 4.6 mm. The mobile phase was acetonitrile/water (50/50) with 0.1% TFA at a flow rate of 1 ml min 21 , and detection was performed at a wavelength of 264 nm. Crystallization. Purified NpRdhA protein in 50 mM Tris, pH 7.5, 200 mM NaCl was concentrated in a Vivaspin 30-kDa cutoff spin concentrator to a final concentration of 11 mg ml 21 . Initial screening mixing 0.25 ml protein with 0.25 ml mother liquor led to small crystals in a variety of conditions when incubated at 4 uC. Crystals obtained with 0.2 M sodium iodide, 0.1 M Bis Tris propane, 20% w/v PEG3350 were used to prepare a seed stock, and a second screening was carried out by mixing 0.25 ml protein plus 0.05 ml seed stock with 0.3 ml screen buffer. Crystals were obtained with 0.2 M potassium thiocyanate, 0.1 M sodium cacodylate pH 6.5, 8% w/v PEG 20K plus 8% v/v PEG550MME when incubating at 4 uC. Diffraction data collection and structure elucidation. Crystals were flash-cooled in liquid nitrogen by supplementing the mother liquor with 10% PEG 200. Data were collected at Diamond beamlines at 100K and subsequently handled using the CCP4 suite 27 . All data were reduced and scaled using XDS 28 and initial phases obtained by merging various native data sets (all collected at 0.9795 Å wavelength) using BLEND 27 . This generated a highly redundant low-resolution data set with sufficient anomalous signal from the native Fe and Co ions to allow substructure determination using Shelx 29 and initial phasing using MLPHARE 27 . Interpretable maps were obtained following density modification and threefold NCS averaging combined with phase extension to 2.8 Å using DM 27 . An initial model was automatically generated using ArpWarp 30 , and iteratively rebuilt and refined against a single highresolution data set using Coot and REFMAC5 (ref. 27 ). The final model was refined using data extending to 2.3 Å and contains three molecules in the asymmetric unit. While the identity of the fifth ligand to the Co ion could not be unambiguously established from the X-ray data alone, modelling this as a chloride ion resulted in the most plausible model and is in agreement with our EPR-spectroscopic data (when refining this as a water ligand, individual B factors for the water ligand were lower than that of the corresponding cobalt ion for all three monomers in the AU). A lowresolution data set (to 3.5 Å ) of an NpRdhA crystal obtained in the presence of 200 mM sodium iodide was used to determine position of iodide sites using difference Fourier methods. For final data and refinement statistics see Extended Data Table 1 . Ramachandran statistics of the model show 96.93% in the favoured and 2.54% in the allowed regions. EPR spectroscopy. Experimental parameters: microwave power 0.5 mW, modulation frequency 100 kHz, modulation amplitude 5 G, temperature 30 K. Spectra were obtained using a Bruker ELEXSYS E500 spectrometer, Super high Q resonator (ER 4122SHQ), Oxford Instruments ESR900 cryostat and ITC503 temperature controller. Cob(II)alamin contains a low spin, S 5 K (that is, one unpaired electron) ion with electronic configuration [Ar]3d. The unpaired electron is in the d z 2 orbital and this leads to axial spectra that can be described by two g values and two cobalt hyperfine values (A Co ), each designated parallel (E) and perpendicular (\). The latter describe the (hyperfine) interaction of the single unpaired electron with the nuclear magnetic moment of the cobalt ion. The cobalt nucleus has nuclear spin I 5 7/2 and thus splits the spectrum into eight lines. In five coordinate base-off complexes as described here, the hyperfine and g tensors are not collinear in x and y and this together with dislocation strain leads to a lack of resolution in the A \ lines. The additional features in Fig. 3b arise from interaction of the unpaired electron with an additional nucleus having I 5 3/2, giving rise to a quartet of four lines. This indicates an unprecedented interaction of the unpaired electron with a coordinated chloride ion; chlorine has I 5 3/2 and over 75% of natural chlorine is the 35 Cl isotope, leading to a chlorine superhyperfine interaction (A Cl E ). Bromine exists as two isotopes, 79 Br and 81 Br, in essentially a 1:1 ratio, each having I 5 3/2 but differing in magnetic moment by ,7.5% and with even the smaller of the two magnetic moments being ,2.5 times greater than that of Cl. Thus, bromide interacting with the cob(II)alamin should give rise to two overlapped quartets with larger hyperfine splitting than is observed for Cl. The concentrations of EPR-detectable Co(II) and reduced 4Fe-4S clusters were estimated by double integration of the X-band continuous wave EPR signals of these species recorded at non-saturating microwave powers and comparison of these double integrals with that of a Cu(II) standard of known concentration recorded under the same conditions. Error estimated at 65%. Docking. Computational docking of the substrate 3,5-dibromo-4-hydroxybenzoic acid to NpRdhA was performed using AutoDock vina 31 Fig. 5 ). Four atoms, including the cobalamin Co, were fixed during optimization. The Co(I), Co(II) and Co(III) oxidation states were examined and bromide-ligated cobalamin models were also examined for comparison of the Co-Br bond lengths. Figure 3 | Crystal structure of NpRdhA. a, Stereo view of an overlay of the NpRdhA cobalamin-binding domain (in blue), the N-terminal non-functional cobalamin-binding domain (in light blue) and the human vitamin B12-processing enzyme CblC (in green). The cobalamin cofactor is bound in a similar base-off manner by both NpRdhA and CblC. The NpRdhA non-functional cobalamin-binding domain does contain an irregular waterfilled cavity corresponding to the cofactor binding site, but no longer contains any of the residues implied in cofactor binding. b, Representation of the NpRdhA cofactors in space-filling spheres. The second [4Fe-4S] cluster is in van der Waals contact with the corrin ring; the B pyrrol d-amide corrin moiety is lined along one side of the cluster and forms a hydrogen bond to one of the S ions. c, Detailed view of the NpRdhA fifth ligand-binding site. Residues in close contact with the chloride ligand are shown in atom coloured sticks (colour coded as in Fig. 2 ). The 2F o 2 F c map is contoured at 1s and shown as a blue mesh. The Tyr 426-Lys 488 distance is 2.7 Å . d, Model of the NpRdhAsubstrate complex (colour coded as in Fig. 2e ) with the F o F c omit map for an iodide-soaked crystal (to 3.5 Å ; contoured at 6s) depicted by a green mesh. Difference density can be clearly seen at positions corresponding to those predicted to accommodate the bromide atoms of the substrate. e, Putative structure of an organometallic substrate-cobalamin intermediate within the NpRdhA active site. The substrate was positioned to minimize close contacts with active site residues. Severe clashes can be observed between the substrate and the corrin ring (highlighted by red lines).
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Extended Data Figure 4 | Additional EPR spectroscopic data. a, b, Identification of contaminating EPR signals in aerobically purified NpRdhA (150 mM). a, X-band continuous wave EPR spectrum showing a [3Fe-4S] 11 cluster signal isolated by subtraction of the spectrum recorded at 20 K from that recorded at 12 K. b, X-band continuous wave EPR spectrum showing cob(III)alamin-O 2 .2 (superoxide) signal isolated by subtracting the spectrum recorded at 20 K from that recorded at 30 K followed by subtraction of a proportion of the [3Fe-4S] 11 signal. Neither of these signals quantitates to more than 4% of the total EPR signal in the protein as isolated. Experimental parameters: microwave power 0.5 mW, field modulation frequency 100 KHz, field modulation amplitude 5 G, temperatures as given. c, d, Binding of 3,5-dichloro-4-hydroxybenzoate to 150 mM NpRdhA leads to a spectrum exhibiting multiple A Co \ and A Co E splitting of the spectrum and no apparent chlorine superhyperfine coupling (A Cl E ) (spectrum d). This suggests relatively disordered binding and possibly substrate movement within the active site on the nanosecond timescale even at the cryogenic temperatures employed in the EPR experiment. Such disorder and dynamics may explain the poor efficacy of this substrate relative to the dibromo analogue (see Fig. 1e ) in addition to precluding analysis of the EPR spectrum.
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